Introduction
Styrene-butadiene rubbers (SBR) are the most commonly used synthetic rubbers today. They are produced by copolymerization of butadiene and styrene. The majority of conventional fillers used in rubber industries are silica and carbon black because of their relatively high reinforcing efficacy. Generally, a silicareinforced rubber shows a similar tensile strength to one reinforced with carbon black, but the modulus is relatively lower [1] . Currently, the necessity for reinforcing fillers from renewable resources, such as plant-based natural fibers, for the production of biosustainable composite materials is increasing in research areas and manufacturing because of their ease of processing, low cost, low density, biodegradability, and good mechanical properties. Fillers exist in a variety of systems, including biological, organic, and polymeric materials [2, 3] . In polymer systems, fillers not only reduce the cost of the compound but also improve the mechanical and dynamic properties of the material. Fiber-reinforced polymer composites are now used as alternative low cost materials for structural and nonstructural applications, such as automotive applications, packaging, building products, furniture, and consumer goods. In the past, a diversity of short fibers was merged into natural rubber, and their reinforcement was discussed [4] [5] [6] [7] [8] [9] . It was found that they did not provide a similar level of reinforcement compared to carbon black and silica. That is, the tensile strength and elongation at break of natural rubber based composites substantially decreased with the addition of fibers. In many cases, the loading of fibers that gave optimal fiber orientation and acceptable mechanical properties was found to be 20-30 phr [5, 7, 8] . Many authors have shown the effect of fiber surface modifications, using bonding agents, NaOH treatment, acetylation, and mercerization on the interfacial adhesion of natural fiber and rubber matrix [10] [11] [12] [13] [14] [15] . The authors also analyzed the dynamic mechanical behavior of natural-fiber-reinforced rubber and curing characteristics of the compounds. They found that composite performance can be enhanced by chemically treating the fibers. Moreover, natural fibers can be added to rubber to improve or modify certain properties, such as green strength, creep resistance, hardness, aging resistance, dynamic mechanical properties, dimensional stability during fabrication, and real-time service, and to reduce the cost of fabricated articles. It is well known that blending of two or more fibers or/and fillers gives the potential for preparing new materials with specific and improved properties [16] . Recently, studies of the synergistic effects of short fibers and particulate fillers compounded with miscellaneous polymeric matrices on the physicomechanical properties of hybrid composites have been reported [17, 18] . These studies showed promising results, in which the improvement of specific properties was observed together with additional environmental and cost benefits. Therefore, it is expected that the combined use of both short natural fibers and silica will enable one to connect the beneficial effects of individual reinforcement for the development of materials with desirable properties. In expedient applications, such as for automobile tires, the combined use of natural fibers and silica has been applied widely to improve processability, dimensional stability, and mechanical balance between abrasion resistance and rolling characteristics [19, 20] . Tire-tread compounds containing short natural fibers together with silica are used to enhance ice traction for icy roads [21] . In this study, the primary objective was to examine the effect of the ratio of short fibers on the curing/rheological characteristic and tensile properties of styrene-butadiene rubber.
Mechanical measurement
The tensile testing was performed on a testing machine (ZWICK Z005 TH All-round-Line) according to ASTM D 412. The dumbbell-shaped test specimens were cut from vulcanized rubbers. The specimens were stretched at room temperature (25 ± 2 °C). The average tensile properties for each composite were determined from five specimens. Hardness (Shore A) of the samples was also measured.
Results and discussion

Processing properties
The cure characteristic and Mooney viscosity [ML (1+4), 100°C] of the composites were determined as a function of the fibers and the carbon black content. The results are given in Table 2 . Minimum torque (M L ) obtained from RPA testing is normally related to the viscosity of a rubber compound. The M L value of fiber-filled compounds was higher than that of the carbon black-filled compounds and that of the control sample. The presence of fibers increases the viscosity of the mixes. The increment in torque values with increasing filler loading indicates that as more and more filler incorporated into the rubber matrix, the mobility of the macromolecular chains of the rubber decreases resulting in more rigid vulcanizate. It is seen that the mix containing fillers provides a higher torque value indicating higher crosslinking. From Table 2 it is observed that the optimum cure time slightly decreases with the increase of fiber loading and the change in scorch time is also slight. In case of carbon black, optimum cure time and the scorch time decreases with increase of filler loading. In both cases the including zinc oxide (ZnO; SlovZink, a.s., Slovakia), stearic acid (AarhusKarlshamn, Sweden), sulfur (POCH, Poland), carbon black (IRB-7), N-tert-butyl-2-benzothiazyl sulfonamide (TBBS; Lanxess, Germany) were commercial grade.
Preparation of the composites
The compounding of the styrene-butadiene rubber, carbon black, fibers, and rubber additives was carried out with a laboratory two-roll mill at room temperature. The formulation of hybrid composites is given in Table 1 . The rubber was first masticated on the mill, and the compounding ingredients were added in the following order: sulfur, stearic acid, fillers (carbon black or fibers), ZnO and TBBS. The loading ratio of fibers and carbon black was varied keeping the contents of the remaining components constant.
RPA measurement
The cure characteristics of the rubber compounds were measured on a Rotorless Shear Rheometer (RPA; Rubber Process Analyzer RPA2000, Alpha Technologies). The measurement was according to ASTM D 6204 at 160 °C.
Mooney viscosity [ML (1+4), 100 °C] measurement
The Mooney viscosity of the rubber compounds was measured with Mooney viscometer (Mooney MV2000, Alpha Technologies) according to the testing procedure described in ASTM D 1646. The Mooney viscosity was recorded after the sample was preheated for 1 min with total testing time of 4 min. The test temperature was set at 100 °C. reinforced fiber composite is subjected to load, the fibers act as carriers of load and stress is transferred from matrix along the fibers leading to effective and uniform stress distribution. The uniform distribution of stress is dependent on two factors, the population and orientation of fibers. At high fiber loadings, tear strength is found to decrease as the increased strain in the matrix between closely packed fibers increases tearing and reduces the tear strength. The value of elongation at break shows a reduction with increasing fiber loading. Increased fiber loading in the rubber matrix resulted in the composite becoming stiffer and harder. This will reduce the composite's resilience and toughness and lead to lower elongation at break.
Ingredient
Conclusions
The obtained results show that short fibers can be used as interesting modifier of rubber blends, but for their application some specific aspects must be considered. The presence of fibers in compounds has advantageous influence on the vulcanization process and on formation of cross links in the elastomeric matrix. Therefore for the application of short fibers it is necessary to modify also the composition of the vulcanization system to ensure optimal vulcanization parameters. The nature of the elastomeric matrix must be taken in to account as well. The mechanical properties of the composites with carbon black are superior to those with fibers. Addition of short fibers (in compare with reference sample) led to slight increase of tensile strength but decreased the elongation at break of the compound. Addition of fibers also leads to increase in hardness and stiffness of the compounds. The use of silica and carbon black combined with different fiber sizes to reinforce the hybrid rubber composite will be the subject of future investigations.
optimum cure time, as well as the scorch time, have decreased compared to the control formulation. The reason behind the increase in curing rate of the filled compounds over the control compound can be mostly attributed to the influence of pH of the fillers. The pH of carbon black is about 10, and the pH of the fibers is about 9. It is known that additives having alkaline pH promote vulcanization by sulfur, accelerator and accelerator activator [22, 23] . Crosslink formation between rubber chains occurs by sequences of reactions involving sulfur, accelerator and accelerator activator, which form an active sulfurating complex [24] . The concentration effect of the curatives in the filled compounds may be an additional reason for higher curing rate of mixes. From Table 2 it is found that the optimum cure time is higher for fiber-filled composites than that for carbon black-filled composites. This is due to the fact that with increasing size of filler, incorporation and dispersion become difficult. Therefore, compounded rubbers become stiff and extent of cure value increases. The Mooney viscosity, taken as a measure of rubber compound viscosity, for the composites showed an increase with increasing both short fibers and carbon black.
Tensile properties
In the present study the behavior of composites containing fibers and carbon black were analyzed. The tensile properties and hardness value of rubber compounds containing various amounts of fillers are shown in Table 3 . From the data in Table 3 it is seen that with an increase in the proportion of carbon black loading, the 100%, 200% and 300% moduli increase in the case of carbon black-rubber composites. It is known for a very long time that carbon black is enhancing the mechanical properties of rubber compounds.
The data in Table 3 show that the elongation at break increases when the carbon black loading is increased. It is known that mechanical properties of short fiber reinforced rubber composites depends on several factors such as structural aspect ratio and orientation of fibers in the final part, the degree of interfacial bonding between fiber and rubber matrices, the proper dispersion of fibers, and a balanced processability/ stiffness/ flexibility relationship for the products [25] . When the Table 3 . Tensile properties of fiber and carbon black reinforced styrene-butadiene rubber compounds.
Mechanical properties
